Through the most extensive phylogenomic analysis carried out to date, complete genomes of 11 eukaryotic species have been examined in order to find the homologous of more than 25,000 amino acid sequences. These sequences correspond to the exons of more than 3,000 genes and were used to test one of the most controversial hypotheses concerning animal evolution, namely the Ecdysozoa hypothesis. Distance, maximum parsimony and Bayesian methods of phylogenetic reconstruction were used to test the hypothesis. The reliability of the ecdysozoa, grouping arthropods and nematodes in a single clade was unequivocally rejected in all the consensus trees. The Coelomata clade, grouping arthropods and chordates, was supported by the highest statistical confidence in all the reconstructions. The study of the dependence of the genomes' tree accuracy on the number of exons used, demonstrated that an unexpectedly larger number of characters are necessary to obtain robust phylogenies. Previous studies supporting ecdysozoa, could not guarantee an accurate phylogeny because the number of characters used was clearly below the minimum required.
Introduction
The recently completed sequences of several eukaryotic genomes provide an enormous amount of genetic data to address questions surrounding functional genomics and evolutionary biology. A major area of interest focuses on phylogenetics. Molecular systematics based on gene or protein sequences do not need to rely on the sampling of a few sequences, or even a few dozen or hundreds of phylogenetic markers. The availability of different complete genomes permits the analysis of genetic data on a whole genome scale. Phylogenomic studies based on the analysis of complete genomes of eukaryotic species may result of especial interest for solving controversies in evolution. One of the major controversies surrounding metazoan evolution is the status of the Ecdysozoa clade grouping moulting animals such as D. melanogaster and C. elegans 1 . During the last eight years two alternative phylogenetic hypotheses concerning metazoan phylogeny have been under discussion 2 . The traditional picture, although there has never been complete agreement on phylogeny and classification, is based on the gradual increase of complexity of animal body plans. Thus, the evolutionary tree that could be found in most influential systematics textbooks 3 displays the basal position of the simplest animals (poriferans: sponges), the posterior radiation of diploblastic Figure 1A ). Traditional phylogenetic hypothesis considers the worm C. elegans as sister taxa of arthropods (A). Alternatively, the ecdysozoa hypothesis cluster worms and arthropods in a single moulting clade (B). Systematic conflicts involve the ancestral-descendant relationships of species derived from node 5. Nodes: 1: mammals, 2: vertebrates, 3: chordates, 4: arthropods, 5: coelomates (A tree), ecdysozoa (B tree), 6: bilaterial animals, 7: opisthokonts, 8: planate, 9: superior eukarya. By default, node 9 have 100% bootstrap support in all the phylogenetic analysis Alternatively, a more recent cladistic analysis based on small subunit ribosomal RNA (18SrRNA) sequences has challenged this traditional evolutionary scenario 1 . Thus, coelenterates, acoelomates, pseudocoelomates and lophophorates seem to be artificial systematic groups. Coelomate still remains though containing different descendants. One of its branches leads to deuterostomates and the other to protostomates. This last group contains two new clades the Lophotrochozoa and the Ecdysozoa. Although the branching order remains basically unsolved, ecdysozoa groups nematodes and arthropods in a single clade. Under this evolutionary scenario, flies are genetically closer to worms than to humans ( Figure 1B ). Subsequent molecular and morphological studies have been carried out though the controversy remains unsolved. While the use of different single gene sequences support the ecdysozoa hypothesis 1, [4] [5] [6] [7] [8] , the analysis of dozens to hundreds of aligned sequences support the coelomata clade 9, 10 . The acceptance of the new animal phylogeny with the Ecdysozoa hypothesis imposes a new scheme to understand the Cambrian explosion 11, 12 , the origin of metazoan body plans 8, 13 and consequently sets a new phylogenetic framework for the advancement in comparative genomics. Here we present strong phylogenomic evidence against the ecdysozoa hypothesis based on the presence/absence of homologous sequences corresponding to the exons of genes of 7 human chromosomes found in 11 genomes of eukaryotic model organisms. To our knowledge, this is the most extensive phylogenomic analysis carried out to date in terms of the number of characters involved.
Data sets and construction of the homologies matrix
In order to avoid problems derived from the inaccuracy of some of the most recently released proteomes, we have favoured the direct analysis of genomic sequences to check the presence/absence of the genes in the data set. Since exons are scattered across long genomic distances, and direct homology search of the protein in the genomes is difficult with methods such as BLAST 41 , we choose to search for individual exons instead of whole proteins. The total number of exons used was 25,676 corresponding to 3,042 annotated human genes. Complete genome sequences of 11 eukaryotic species, including P. falciparum 14 24 , were downloaded (see Table 1 ) and formatted to run local BLAST 41 . Amino acid sequences corresponding to all the exon's genes in a randomly chosen sample of human chromosomes (composed by Y, 13, 14, 18, 20, 21 and 22) were obtained from the Ensembl database project 42 . We used the tblastn engine 41 that searches a query amino acid sequence on the 6 translation frames of the target sequence (the complete genomes). Exon sequences of genes of 7 human chromosomes w ere used for a similarity search on complete genomes sequences of the mentioned eukaryote species. Exons shorter than 22 amino acids in length were discarded from the analysis in order to avoid false positives due to the small size of the query sequence. E ach best hit was filtered by means of the combination of three different values (v 1 , v 2 , v 3 ). Being v 1 a blast E -value threshold, v 2 a proportion of aligned sequence length, and v 3 a chromosome context reference: the minimum number of exons of the gene matching on the same chromosome. When v 3 = 1, all exons pass through the filter; if v 3 = 2, at least two exons of the same gene must match on the same chromosome to be included on the data set.
A matrix of presence / absence of putative homologous exons was build up using the following filtering scheme: 3 = 2) did not change the results (data not shown). The resulting matrix has total number of 25,676 characters (exons), corresponding to 3,042 annotated human genes. These sequences were derived from a genomic sample of 570 Mbp (which covers ∼20% of the human genome). These characters are uniformly distributed across the chromosomes of most of the eukaryotic species analysed and, consequently can be considered a homogeneous sample of their genomes (see Figure S1 of the Supplement Information f or details). From a theoretical point of view, this feature has demonstrated to be critical in supporting bootstrap values 25 . Indeed a previous genome wide study has demonstrated that sampling characters scattered along the whole genomes gives better results rather than sampling co-lineal blocks when the whole-genome phylogeny is assayed 26 . A reduced matrix was obtained by randomly sampling 19,000 characters without replacement from whole matrix. This matrix was necessary to run MrBayes 43 program, because of their limitations in the input data size. 
Phylogenetic methods
Maximum parsimony trees were constructed for all the data sets using the PAUP* 45 default option of the branch and bound search. Unweighted parsimony was used for all the analysis. Cladograms were evaluated using 5,000 and 10,000 bootstrap replicates (obtained using the R package 44 ). Distance trees were estimated by neighbour-joining and least-square methods using Phylip 46 . Maximum parsimony and distance trees were summarized using the 50% majority-consensus rule. Bayesian analysis computing the posterior probability of trees was carried out in MrBayes 43 . Thus, 10,000 phylogenetic trees were sampling every one hundred generation by using the MCMC with four chains. The first 1,000 trees in the sample were removed to avoid including trees sampled before convergence of the Markov chains. Posterior probabilities of trees were averaged on 9,000 samples under an unordered standard binary model. Branch lengths were saved and represented on the 50% majority-consensus tree.
One hundred random matrices of eight different sizes r anging from 100 to 20,000 characters were constructed without replacement from the original matrix. These matrices indeed were 100 times randomised with replacement in order to get 10,000 cladograms to individually compare topological distances with the whole-genome tree at least. Tree distances and MP trees were calculated using treedist and pars algorithms of Phylip 46 , respectively.
Genomes' phylogeny strongly support the coelomata tree
Distance, MP and Bayesian analysis conclusively support the coelomata tree. Figure 2 shows the phylogenetic reconstruction of the genomes tree and the statistical confidence of nodes using the distinct phylogenetic methods. All the nodes are supported with the highest statistical confidence independent of the phylogenetic technique. Those supporting the ecdysozoa clade hypothesis have argued in favour of the long branch attraction effect to explain the position of C. elegans as sister taxa of coelomates. The branch length of C. elegans, however, was recurrently shorter than those of arthropods or the basal chordate C. intestinalis (data not shown). The basal position of C. elegans in all the genomes trees does not derive from a topological effect caused by a highly differentiated nematode. Figure 2 Phylogenetic reconstruction of the genomes tree using the homology matrices. Bootstrap proportions were obtained from the 50% majority-rule consensus tree using 1,000 replicates for distance methods (NJ, LS) and 10,000 using MP. Posterior probabilities were averaged on 9,000 samples in the Bayesian analysis (BI).
Effect of the number of characters on genomes tree accuracy
In order to assess the relationship between the number of characters and the probability of obtaining the whole-genome tree, random samples of different sizes derived from the homology matrix were drawn. Figure 3 shows the dependence of the mean tree distance to the whole-genome tree on the number of characters used in its reconstruction. Confident topologies with mean tree distance units below one can be obtained when more than 10,000 characters are used.
Figure 3
Dependence of the average distance to the true tree on the number of sampled characters used in the reconstruction. Each point represents the mean tree distance of at least 10,000 cladograms to the highest supported topology of the genomes tree found. Bars correspond to standard error deviation. Inbox shows the mean standard error deviation against characters. Samples below 5,000 correspond to 100, 500, 1,000 and 2,500 characters.
Since the ecdysozoa topology differs from the coelomata by two tree distance units, we could expect to find topologies compatible with ecdysozoa in data sets including less than 5,000 characters. Although we exhaustively searched for the ecdysozoa group on trees derived from matrices built from 1,000 to 5,000 characters, this clade has never been obtained as a topological solution from the randomly sampled smaller data sets. This result demonstrates that a large number of characters are required to ensure with sufficient accuracy a tree identical to the whole-genome tree. Moreover, the figure points out the strong phylogenetic signal of the matrix. Indeed we could still recover the coelomata tree with sufficient accuracy even removing more than 5,000 characters.
Discussion
It is widely accepted that the phylogenetic reconstruction lies on the premise that sampled data are representative of the whole genome from which they are drawn. Sequences are generally chosen on the basis of factors such as the functional characteristics of a region, the historical use in systematic studies and other considerations generally unrelated to its ability to reconstruct whole-genome relationships 26 .
The monophyly of the ecdysozoa group was actually proposed on the basis of the analysis of different single gene sequences 1, [4] [5] [6] [7] [8] 27 . Indeed, the total number of characters favouring the hypothesis ranges from only one rare genomic event (the triplication of the β-tymosin scanned on uncompleted genomes) to ∼4,000 sites when using SSU+LSU rRNA sequences 4 . Considering this last most exhaustive study favouring the hypothesis, only the 18S rRNA gene (∼1,500 sites) showed phylogenetic signal to support the clade with 81% of bootstrap confidence 4 . This result is comparable with the original study of the same gene using ∼1,100 characters giving at best 77% of confidence 1 . The posterior re-examination of the original data set 1 demonstrated important weakness in the phylo genetic analysis, for instance, the strict support for the clade with only two binary characters 28 . Moreover, the same study criticized the reliability of the original morphological synapomorphies, for instance, the moulting processes are not homologous, while arthropods shed their cuticles made by chitin, the nematodes ecdysis compromise collagen proteins. Aside from these criticisms, the accepted reliability of 18S rRNA as a phylogenetic marker has been questioned. Some authors emphasised the extreme nucleotide composition bias among taxa 29, 30 , the differences in substitution rates causing long branch attraction 30, 31 , and the absence of enough informative positions for a robust reconstruction of the metazoan phylogeny 32 . Indeed, although secondary-structure based alignments can improve uncertainties of the rRNA positional homology, the multiple alignment problem of these sequences cannot easily be solved without ambiguities 33 . DNA evolution models considering base paired sites, as independent characters are unsuitable for modelling RNA coding genes, consequently, corrections to compensatory substitutions occurring in different parts of the molecule must be taken into account 34, 35 . The methodology used in this paper circumvents several difficulties generally associated to phylogenetics and genome trees methods 36 . For instance, as we search for homologous to exon sequences on whole genome sequences, problems associated to the incompleteness of the derived proteomes, or in protein homologous databases 37 , normally used in other genomes tree reconstructions, are avoided. The same occurs with the multiple alignment problems leading to positional homology errors and the selection of the evolutionary model to correct for multiple hits. Our approach does not depend on these procedures. The implicit evolutionary assumption used in the analysis is the equal probability of exon gain or loss on the branches. Since paralogous sequences of the human genome were not specifically filtered, we choose the worst scenario to test the coelomata hypothesis considering that all the human paralogous sequences (5% of the human genome) 38 correspond to coding sequences. If this were the case, approximately 1,000 paralogous exons would be included in the data sets. We have shown that indeed by removing 5,000 characters we could still recover the coelomata tree with sufficient accuracy. Thus considering the worst scenario of human duplications affecting the dataset, our results are robust to the paralogous error inclusion. We have presented results based on the largest set of sequences published to date that support the coelomata clade with 100% of statistical confidence. Previous phylogenetic studies in which extensive regions of eukaryotic genomes were sampled drew similar conclusions. In particular, the analysis of several dozens 9, 39 to more than one hundred concatenated nuclear proteins 10 support the chordate+arthropod clade. A recent paper emphasises the benefits of selecting a high number of concatenated characters in order to resolve conflictive systematic hypothesis supported by single gene methods 40 . They pointed out that bootstrap values having 100% confidence on five internal branches has never been previously shown in systematic studies. We have demonstrated that using the most stringent condition of homology, all the phylogenetic reconstruction methods yield 100% of support on all the eight internal branches of the coelomata tree. Comparative biology lies on the accuracy of its phylogenetic hypothesis. We have shown how phylogenetic reconstruction based on the whole genome sequences has the potential to solve one of the most controversial hypothesis in animal evolution: the reliability of the ecdysozoa clade. If sampling a huge number of characters seems to be the way of provid ing the highest statistical confidence on conflicting evolutionary hypothesis, the accurate selection of the organisms for future genome projects must be systematically and phylogenetically considered.
